


Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1983 


The structure and behavior of vacuum plasma 
Sprayed overlay coatings in nickel based superalloys. 


Norton, Patrick R. 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/20000 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


' (8 D U DLEY research materials and institutional publications created by the NPS community. 
: Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS'‘s first 
ath 
KNOX appointed — and published — scholarly author. 


i LIBRARY Dudley Knox Library / Naval Postgraduate School 


411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 








http://www.nps.edu/library 


| 


i 
i 


| 


mr abate 


baba 
Fat 


a 7F 
ei ay 
A ii 


fh 


| 1 4 ‘| a p “ 


ia 
meae. ne / 


Mt wal ae 


meenae Gee 


=: aa 


om oat 
ah i 


-_ 
7 


ey 


i 
ie es 4 
Lay 4 


"ah ae \ 


Ory ay Lia 
abe “7, ' na i ma ¥ | 
i chee, a 
= 1 = \ ts *" 
I ia 
var oF 
ear aha f oem “a 
' a : | = . ‘ i" , 1 i ‘ 
i Ba 


t 
an 


uigae 


LO ce es 





—_ en | 






Dudley Knox Library, NPS 
Monterey, CA 93943 











NAVAL POSTGRADUATE SGHOOL 


Monterey, California 





Tia ots 


THE STRUCTURE AND BEHAVIOR OF VACUUM 
PLASMA SPRAYED OVERLAY COATINGS ON 
NICKEL BASED SUPERALLOYS 


by 


Panriek kK. Norton 


June 1983 


Thesis Advisor: D.E. Peacock 





Mpemovedmerom pubiie release; distribution unlimited. 


rr” SF, p= 
f 5 “rr git wa ; 
: ee pF ) f j 
yy hy 3 7 & 
. is 4 5 ~~ d f, 





Unclassified 


SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 
READ INSTRUCTIONS 


- REPORT NUMBER 2. GOVT ACCESSION NO.) 3. RECIPIENT’S CATALOG NUMBER 


4. TITLE (and Subtitie) ; S$. TYPE OF REPORT & PERIOO COVERED 
The Structure and Behavior of Vacuum Master's Thesis: 
Plasma Sprayed Overlay Coatings on June 1983 


— 


8B. CONTRACT OR GRANT NUMBER(2) 





















. AUTHOR(8) 


Paerick R. Norton 





10. PROGRAM ELEMENT, PROJECT, TASK 
AREA & WORK UNIT NUMBERS 


une 1983 
13. NUMBER OF PAGES 
48 


18. SECURITY CLASS. (of this report) 


- PERFORMING ORGANIZATION NAME ANDO AODORESS 


Naval Postgraduate School 
Monterey, California 93940 





- CONTROLLING OFFICE NAME ANO ADDRESS 


Naval Postgraduate School 
Monterey, California 93940 














- MONITORING AGENCY NAME & ADORESS(if different from Controlling Office) 





UneGilas sited 


1Se. DECLASSIFICATION/ COWNGRADING 
SCHEDULE 









. DISTRIBUTION STATEMENT (of this Report) 






Payocoved for public release; distribution unlimited. 


137. OISTRIBUTION STATEMENT (of the edetract entered in Block 20, If different from Report) = 


- SUPPLEMENTARY NOTES 


- KEY WORDS (Continue on reverse side if neceseary and identify by block number) 


Corrosion Coatings Plasma Spraying 
Superalloys Marine Gas Turbines 


Oxide Behavior 





20. ABSTRACT (Continue on reveree side i{ necessary and identify by block number) 

The feasibility of using the plasma spray technique for 
the application of metallic overlay coatings to marine gas 
turbine components was evaluatec. Nickel based superalloy 
pins were sprayed with various MCrAl coatings using the plasma 
Epmay technique, given several types of surface treatments, 


' i. “479 Serial oF ; NOV 65 1S ess cere 


JAN 73 Unclassified 


/ e Ld id 
Gry ole ter 014- 6601 ] SECURITY CLASSIFICATION OF THIS PAGE (When Date Enterec 





Unclassified 


sect nm FG a SC SS 
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


and then oxidized at 1000 Degrees Centigrade for 100 hours. 
The effects of the various post-coating treatments on the 
coating structure and subsequent oxide behavior were 
investigated. 


S/N 0102- LF- 014-6601 Lf1 
”) Une las siteied 


PP 
SECURITY CLASSIFICATION OF THIS PAGE(When Deta Entered) 





Approved for public release; distribution unlimited. 


The Structure and Behavior of Vacuum Plasma 
Sprayed Overlay Coatings on Nickel Based Superalloys 


by 


Patrickhee Nowton 
Lieutenant, United States Navy 
Roe ULdUemuUnivemsmey., 197 7 


Submitted in partial fulfillment of the 
requirements for the degree of 


MAS TiERwORSSCTENCE IN MECHANICAL ENGINEERING 


from the 


NAVAL POSTGRADUATE SCHOOL 
June 1983 








Dudley Knox Library, NPS 
Monterey, CA 93943 


ABSTRACT 


The feasibility of using the plasma spray technique for 
the application of meétaliic overlay coatings to marine gas 
turbine ccmponents was evaluated. Nickel based superalloy 
pins were sprayed with various MCrAl coatings using the 
plasma e¢pray technigue, given several types of surface 
treatments, and then oxidized at 1000 Degrees Centigrade for 
100 heurs. The effects of the various post-coating treat- 
ments on the coating structure and subsequent oxide [E¢havior 


were investigated. 
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I. INTRODUCTION AND BACKGROUND 


Aw. MARINE GAS TURBINES 


The gas turbine engine was initially devélicped to 
provide ccmpact, high power to weight ratio engines for use 
im aircraft. As Engine development progressed, th2 effi- 
ciency cf the gas turbine began to increase substantially. 
The ability of tne engine to reach full operating power very 
guickly cpened new horizcns EOmeexpanded wUucilizcaticn. 
Stationary power plants where high reliability, Ea cae 
startup, and high power levels are required began to utilize 
the gas turbine. The next logical step in the progression, 
was to intreduce the gas turbine to marine applicaticns. 

In many instances, the marine gas turbine was not of a 
new design, but a modified or marinized version cf an 
eeeccing ailcraft engine. The LM 2500 marine gas turkine, 
extensively used by the United States Navy, is a mérinized 
versicn cf the CF6 aircraft engine. This engine cffers the 
features ef light welght, eé¢ase of removal, and a mcedular 
parts exchange system. The first LM 2500 engines cbhtained 
Ev the Navy were installed on the container ship GTS 
Callahan. This was to become the U.S. Navy's gas turbine 
peste Ltlatforn. 

Until this time, very little data was availabl2 on the 
performance of a gas turbine engine operating in a marine 
envirenment. Gre we CEidgindisaitTreratt version of the engin 
was Operated predominantly at relatively high power level 
and temperatures at high altitude. Dueing whe inisiea 
testing cnbcard GTS Callahan, a high power operating pr 
was utilized. Dang <i S peELOdym performance of + 


2500 was very good. Later, the operations of the gs 


an 
}- 
TO 
x 
@m 
HH 
iy 


10 





modified to simulate the operating profile of a tytical 
destrcysr. This prefile included low power level cperation 
together with a large number of transients, in contrast to 
the steady power level operation of a merchant ship, 
{Ref. 1]. 


Be. SUPERALLOYS 


moiecedetierng factor in the successful operation of the 
Mas turbine continues to be the ability of materiais to 


cperate in the high temperature, high stress envircnment of 
the gas turbine. The nickel based alloys IN 7383 anG Re 
Bupeoriginally develcrped for aircraft applications, exhib 
a high resistance tc creep and fatigue both in industri 
power generaticn and marine environments, [f Ref. 2 
However, the performance of currently available coatings £ 
these allcys, again develoved for alrcrarft engines, 
(Ref. 3], 1S proving to be inadequate in the marine 


enviccnment, [ Ref. 4]. 


C. CCRECSICN 


Test data received from operation on the GTS Callahan 
indicated a new type cf corrosion was rapidly attacking the 
high pressure turbine blades. ToS Uakcacke “Was £cund )-to 
cccur at the low temperatures associated with the low power 
Mweot Operating profile of a destroyer, {Ref. 5], and 
severly diminished the useable lifetime of the high frassure 
turbine when compared with the lifetime of similiar ccomfo- 
nents in stationary power plant applications of the LM 2500 
engine. The Navy, as well as civilian industry, initiated 
extensive research programs to identify the source of the 
degradaticn and to seek ways of improving blade life and 
reduce operating and maintenance costs. These effcres led 


to the development cf improved air filtration systems and 
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the use cf MCrA1Y overlay coatings, [{Ref. 6], [Ref. 7], 


and 
(Ref. 8]. Gnemolcnmeoatsug, SC—21, a CoCrALY, is currentiv 


in use but improvements are still being sought. 


De. CCATING DEPOSITICN TECHNIQUES 


1. Ehysical Vapcr Deposition 





Fresently, MCrAl overaly coatings azr¢ applied by 
Electron Beam Physical Vapor Deposition. This coating tech- 


nique uses an electren beam to vaporize the coating material 


and deposit it cn tke airfoils. The coating builds up in 
long columnar grains, normal to the surface. The columnar 
grain tEcundaries, see Figures B.1 and B.2, are potential 


diffusion paths [Ref. 9] for the alloying elements; such 
diffusicn can possibly degrade tha coating perfcrmance. 
Research into the prcktlems associated with coating-supstrate 
inter-diffusion is currently underway at the Naval 
Postgraduate School. This technique also provides excellent 
bonding of the ccating to the substrate, low porosity, {as 


shown in Figures 8.3 and B.4) and cost effectiveness. 


2. Elasma Spray Technigue 


Alternate methcds of applying metallic overlav coat- 
ings are continually being sought as a means of imprecv 
coating performance and reducing the costs of the ccating 
Peocess. The plasma spray (PS) technique appears to be ones 
possiftle means of achieving these aims. It has the ability 
te apply a wider range of coating compositions, has lower 
eaprtal and lower aprlication costs and has the ability to 
provide much higher depostion rates, when compared wit 
physical varer deposition. ih saddztion,  uelike PVD, ‘the 
plasma spray process aiso has potential as a method for 
selectively re-coating overhauled turbine blades, an ability 


Which could substantially reduce lifecycle costs. 


V2 





There are several variations of the plasma tech- 
nique. All essentially spray powdered meéetai into an inert 
gas plasma, Weatcweln curen 92S sprayed Onto che component. 
The ccmponents can é¢ither te sprayed in air using an inert 
gas shielded torch cr the parts can be placed in an inert 
gas chamber at atmospheric or reduced pressure. The advan- 
tage cf a reduced pressure chamber is the ability *o achieve 
very high plasma velocitiss. These can range from subsonic 
to as high as Mach 3, [Ref. 10]. 

Tre two venders that supplied samples for testirg in 


this study used vacuum plasma spray equipment de 


i < 


different manufacturers. While the actual sprayi 
is tasically the same for different systems, ther¢ are many 
SNall variations in spray parameters, often oproprietory, 
Which can froduce sukstantial differences in the structure 
GSeecne applied coating. Other parameters, such as cewder 
size, ace of the fpewder, precoating cleaning procedutré¢s, 
and deposition temperatures, also erfect the structire of 
the ccating. Presently, the vendors are heat treating the 
sprayed coating to provide better adharence of the coating 
eemene substrate. 

Mew eS =cOating technigue buzids uv material on the 
Substrate ir overlarring layers as shown in Figure B.5. The 
BeeurcaNng Grain structure, shown in Fiaqure 8B.6, contains 
iewes Shcrt-circuiting diffusion paths than are apparent in 
the cclumnar grain structure of a PVD coating. 

Research conducted has shown that it is difficult to 
Maintain consistent quality throughout the spray precess. 
io addition, problems have been encountered cencerning 
Poeo=ity, lack cf ccating adhesion, and surface roughn2ss. 


{Ref. 11]. 
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E. OXIDE FCRMATION AND BEHAVIOR 


Materials used tc manufactur2 gas turbine blades are 
protected from high temperature oxidation through the use of 
coating systems which form a protective oxide layer. In 
service, cxidation cf the coating continues *o occur until 
the surface is effectively sealed from the e2nvironment by 
the oxide itself. If the oxide has a tendency te spall 
during sérvice, the oxidation process continues te be 
mepeated Until the ccating is depleted, and all pretection 
to the turbine blade is lost, [Ref. 12]. Add: tiene lly; . an 
effective cxide layér is one which forms a uniform cxids 
thickness so as not tc alter the overall aerodynamic profile 
of the tlade. The oxide must be thin so aS not “to reduce 
the airflew through the blading. 

The cxide which subsequently forms from plasma sprayed 
coatings dces net reet the above requirements. The a 
Sprayed surface is very coarse as indicated eS ale: Tai. 
Varicus pest-coating treatments will prodnca an acceptable 
surface finish. All of these methods modify the surface 
emayvor the structure of the coating and may alter the struc- 


ture cf the cxide formed at high temperture. 


foe CEJECTIVES 


The fpurfpeses of this stucy are to evaluate the present 
State cr the art in flasma spray technology and to investi- 
gate the effects of various post-coating treatments and 
combinaticns of treatments on surface finish and on subse- 


Mien: cxide formation, structure and adherence. 
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II. EXPERIMENTAL PROCEDURE 


A. SAMEFLE AQUISITION AND PREPARATION 


Samples cf four different coating-substrate systems in 
the fern cof 1/4 and i72 inch cylindrical pins, were cbtained 
rom ccmmercial sources. These are Summarized in Table I in 
terms of «he substrate alloy designation and coating ccmfo- 
Siticn. All four coatings were applied by the reduced pres- 
Sure inert gas process. The post-coating surface treatments 
employed are summarized in Tabie II. To deveicp a surface 
oxide layer, samples, including those in an as-sprayed 
conditicn, were heated in static air. Investiqative teckhni- 
ques emplcyed included surface preofilometry, optical micrcs- 


copy, and scanning electron microscopy. 


Be SFECIFIC TEST PRCCEDURES 


1. Surface Finish Analysi 


nh 


}4 


The surface finish of the coating was determined by 


th 


a profilcmeter machine. The sensitivity setting or the 
as-received and peened sample measurements was 50 micro-inch 
per division. The sensitivity was reduced to 19 micrc-inch 
Ber divisicn for polished samples. 

PS MOntscetlce of Gach Dan was deliberately ieft 
uncoated and the thickness cf the coating was determ 


measuring the diameters of the uncoated and coated secticns 
with a wicremeter. 


ibe’ 





ieee Xe ola On 


Cxidation was carried out by exposure te air at 1000 
deg. Centrigrade tcr 100 hours in a laboratory furnace 
Specimens were furnace cooled to below 100 deg. C. beicre 
removal. Resistance to cyclic oxidation was not evaluated. 


Fclishing was accomplished by spinning the samrele 
and abrading the surface wit Silicene carbide abrasive 
paper. Iwe types of polishing were perfcrmed. Viofe  jaakeatans 
consisted of polishing at 500 rpm with 320 grit paper for 
appreximately 2 minutes. The main objective here was te 
remove any loose particles on the surface of the coating, 
which was a commen feature in some cas3s. 

The second type consisted of polishing with progres- 
Sively finer and finer paper, Sraae ngewe ne 20 Tend 
BoeetewlngG with 320, 400, and finally 600 grit. 


4, Shot Peening 


Peening was rerfotmed at a commercial installaticn, 
mest tzing glass kead shor. Psening was not ilized asa 
methed of densifying the surface but as a method of modi- 
fying the structure of subsequently formed oxides. A heavy 
(12-16N) shot intensity was achieved using an automatic shot 
peening machine with the samples mounted in holders. A 
light (6-8N) shot intensity was achieved using a hand 
cperated gun. 


9. Nstalilographic Techniques 
a. Mounting and Polishing 


Standard mounting and polishing techniques were 
used +c prepare sanoples for métallographic examinaticn. 
Care was taken to usé a mounting material stable in a 


rromine eclution. 
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b. Etching Procedures 


(1). Krecll's Reagent. Kroll's Reagent is a 
Selon ¢£ hydtoficuric and nitric acid in wate 
Peeng=: out the grain structure of the ccating, {Ref. 13}. 
Etching times ranged from 1 to 2 minutes. 

(2). Deer Etch Technique. DX) sh aLot cls ibele 
(Ref. 14] is a comparitively new techique for d¢tetmining 
the structural features of coatirg-oxide systems, farticu- 
Jarly the underside cf the oxide at the oxide/coating inter-~ 
face. A cross secticn of the oxide-coating-substrate system 
is mounted and pclished as for metallographic observation. 

The deep etch reagent consists of a solu- 
mom cf 10 ml of reagent grade liquid bromin2 combined with 
90 ml of absolute, low acetone, methanol. 

The sample is inverted in the bremine 
etchant and slowly swirled to allow the metal particles to 
fall cff as the metal is etched. Etching times range from 
approximately 1 to 4 minutes. After etching, *«he samples 
are rinsed by slowly swirling in a s¢ries of lELeakers 
containing absolute methanol. Five rinses are reccmmended. 
No discclcration of the methanol in the last two kLeakers 
emarGaces Sufficient rinsing. Care must be taken to prevent 
the delicate, exposed oxide from being damaged. 

Samples thus prepared can be observed in 
the Scanning gflectren Microscope. The SEM has sufficient 
depth of field to allow all of the exposed oxide tc be 
viewed at one time. If static charg2 build-up on either the 
oxide or the mounting material becomes a problem, the arp 
Bieteon CE a vapor-deposited coating of carbon cr geld is 
recommended. 


Very careful observations must be made to 
identify micro-pegs, the characteristic feature cf a well- 
Eonded oxide. These are small rotuberances on the surface 
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of macrc-fegs and are a feature of coatings Cp aiE re) ot Maes ob pre rsl algal ts Wal 
Nactive element" such as hafnium or lanthanuao. Macro-pegs 
result frem the growing oxide following the normally rough 
surface of the coating and are apparently insufficient by 
themselves to preduce a good bond. The surface of the oxide 
will replicate the coating contours and a false assumrtion 
of oxide adherence can be made. Bligubzes B.7 and 8.38 itlus- 


trate the appearance of macro and micro pegs. 
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A. RESULTS 


Ie “COating= Structure 





A. Vendor ‘tat 


Lom SleuGeures Of —potm the NiCcrAl and CcCraAl 
typ= coatings supplied by this vendor were similar. Figure 
B.6 is a typical example of the excessive porosity enccun- 
tered in all parts of every coating. The amount of rforesit 
appears greatest at the coating/substrate interfaces. Figure 
E.9 illustrates a ccmplete lack of bonding of the coating 
which was ancther ccmmon feature. ThewgGain “Seevecrure in 
general appeared coarse and nonuniforn. 

Regure BetQ)s2 a typical surface prefile cf a 
as-sprayed coating. The results of the surface finish 


Measurements are shown in Table III. There is a high d¢gr2e¢ 


See Varzaticn in the surface finish. There exist large 
surface voids next to areas of what appear to be iocsely 
adhered farticles of coating material, as shown in Figures 


heii and E. 12. 
te. Vendor "EM 


Similar problems were experienced with this 
vendcrs freducts, but to a much isssor degree. Generally, 
the coating structure was fine grained and uniform. Bending 
of the ccating to the substrate appeared to be generally 
good. Cniy a few lecalized regions of porosity were fcund. 
Figure B.13 shows a typical cross section which illustrates 
the much mcre unifcrm surface structure of this vendors 
coatings. Figure B.14 is a typical surface profile; results 
are tabulated in Table III. 
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However, there are isolated cases of Severs 
Serects in Vendor "B"*s coatings. Figure B.15 is an example 
Smeen isiclated case cf cracking. Figure B.16 shows a lar 
void exists in the ccating which reduces the local coa 
marc kness to essentually nill. It is difficult to detarnin 
Mamet cbe Cracking occtrred during the coating process or 
during pestcoating processing and analysis. Samples were 
fewaeto nylen chucks to minimize the possibility of intro- 
ducing defects during cutting. Prguee Bel? 1S a tyEeLcal 
sample illustrating a fine grain structure and low porosity. 


Yee Bitects cr Pclishing 


The seccend type of polishing treatment left an 
essentially uniform 600 grit finish. The amount cf material 
that had to be removed to produce a uniform 600 grit surface 
finish ranged from 15% for the fine grained coatings to as 
mien as 50% for the cours® grained coatings: Samples 2xan- 
ined in the SEM showed that polishing did reach all porticns 
of the surface althcugh some lew points did srenain. An 
excesSSive amrcunt of ccating would have to have been removed 
to ccmpletely eliminate these low points. Table Ife lists 
the results of surface profile measuremenzs <~aken before and 
after pest-ccating pclishing treatments. 

Viewed in SEM, the surface of samples oxidized after 
polishing arreared tc be very similar to those of samples 
Oxidized inan as~sprayed condition. A coarse grained 
See@imeing troduced a ccarse oxide structure. In addition, tke 
Peeeshing did not appear to effect the bonding of the cxide. 
Figure £—.18 is an example of a polished and cxidized 
specimen. A coarse cxide has beéeén produced and has caus¢ 
Subsurface oxidation of the coating. This subsurface oxida- 
tion reduces the effective thickness of a coating and «hus 
the operating lifetime of a component. The oxida troduced 


ch coatings containing hafnium appeared to be bonded. The 
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cxide on ‘these withcut hafnium was pooriy bonded anc was 


lost during the heat treatment or subsequent handling. 


3. Effects of Shot Peening 


Figure B.19 1s an example of a shot peened surface 
of an as-sprayed sample. The peening has smoothed the high 
points of the surface, but left the low points essentially 
untouched. The oxidized sample, Figure B.20 shows lcos¢ 
oxide at the low pcints of the sample, and fine grained 
cxide at the high pcints. The oxide produced at the low 
roints is similar to that found on as-sprayed samples. 

Figure 2.21 shows an oxidized sample with severe 

O 


cracking in the coating and separation of the coatin 


on | 
WO 
tt 
rf 


the substrate. 

The purpose cf fpeening is to aeodify the coating 
structure in such a way that subsequently fermed cxide is 
effectively bonded. AS shecwnh in Figure B.22, the coating 
grain sizé was slightly reduced at the surface from shot 
reening. Based cn examination of oxidized samples, the shot 
peening application did not appear te alter the bonding of 
the oxide, it did hcwever, appear to produce a thinner and 


homer cxide structure. 


4. Ccombination Ireatments 





a. Shot Peening followed by Polishing 


Shot peening the as-sprayed surface effectively 
worked cnly the high points of the surface. Surkseauent 
mechanical polishing to produce a smooth surface simply 
removed these worked regions. The net result was as if the 
Sample was cnly mechanically polished and no eifect of shot 


peening was evident in the cxide structure. 
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bk. Polishing Followed by Shot Peening 


The oxide produced by this combination cf treat- 
ments was very fine grained and uniform over the entire 
surface. The polishing gave a smooth surface which cculd 
then be evenly shot feened. The uniformity of the structure 
is dependent on the requirement that all portions of the 
coating surface receive the same treatment. Faguees B.23 
and B.24 are examples of fine grained coatings which were 
polished, ceened and then subsequently oxidized. The shot 
peening appears to froduce a finer cxide structure than 
could be achieved with a folishing treatment alone. The 
cxide precuced in the latter case appears to be directly 
related tc the grain size of the as-sprayed coating. Shot 
peening in both caS#s appears to make the structure cf the 
Bestietant oxide finer. This indicates that shot pe¢éning 


does have adirect effect on the structures of tne cxide 


produced. The above treatments had no apparent effect on 
mtemdbility of the oxide to bend to the coating. fhe cxide 
was tightly bonded cn the samples which had hafnium in the 


Saat ind. 

The coarsé€ grained coatings were given a heavy 
Shot peening which deeply scarred th2 surface, { Figure 
Bee) - The oxide produced by this treatment was not 
ie CIM , and waS similar to the oxide produced on the 
as-Sprayed samples. An additional polishing stéep was done 
in an attempt to achieve a uniform surface. Subsequent 
Cxidaticn preduced a nonuniform oxide structure since the 
high peints remaining after «he peening operation, which 
were worked and would have resulted in a fine oxide struc- 


ture, were removed by polishing. 
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5. Active Element Effec 


ict 


The presence of micro-pegs was used as an indicatior 
as to whether the active element in the coating formulation 
was actually involved in the oxide formation. In most cases 
in which the active slement was not present, the outer layer 
of the oxide was so fragile that is would spall off during 
cooling cfter heat treatment or during sample preparaticn. 
Dot mapping scans were done for cobait, chromium and 
aluminum. The scans showed that the large flakes in Figure 
E.26 are rich in aluginua, (Figure B.27), and deficient in 
cobalt and chromiun. Coatings waich contained hafniun 
Showed the presence of micro-pegs in the oxide at the 
oxideymetal interface when viewed in the SEM after deep 
Poenmang, Figures B.28 and E.29. In the coatings to which 
lanthanun was added, no active elément effect was evident, 


irbat nO Micro=peqs could be seen, Figures B.30 and B.31. 


Be DISCUSSION 


This investigaticn has shown that the plasma spray 
Beeeess, when carefully controlled, is capable of producing 
fully dense and adherent overlay coatings. If the precess 
is not carefully controlled there is a tendency for unaccep- 
moe ECrCsity tc occur, both within the coating and at the 
coating-substrate interface. Voids at the interface cause 
the ccating to separate from the substrate when the systen 
mesurtjected to thermal cycling. Voids located near <cthe 
surface allcw internal oxidation +0 occur which undercuts 
the surface and causes large sections of non-cxidized 
material tc be remcved. The as-sprayed surface of the 
coating appears to te inherently rough and the coating 
itself can te coarse. Post-coating treatments are required 
so that the oxide formed cn subsequent exposure to high 


temperature is free from surface flaws and fine grained. 
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PylSetyPDeNGaeOxkLde, together with micro-peg formaticn fron 
the active element effect, ensures satisfactory oxide 


performance during service. 


1. Fost-Coating treatments 


ae Folishing 


Polishing needs to be carried out until a smooth 
surface is cbtained. The amount of matarial to be removed 
is simply related to the roughness of the as-spzayed 
eoating. The uniformity and structur2 of the oxide formed 
cn pelished samples always appeared +o be Similar to that of 
the oxide formed on the as-deposited structure. A surface 
smoothing oferation cf some type is required, subsequent to 
coating, and polishing has been found to be satisfactory for 
eis PCUurEOse. A smooth surface is also required for 4 
satisfactory peening cperation. 


2. Giles 


lin 
jto 


ead Peening 


Shot peesening leads to a refinement of the structure 
of the ccating at the surface. There is some evidence that 
this refinement results from recrystallization of «he cold- 
worked layer on exposure to high temperature, [{Ref. 15}. 
This refinement has a beneficial effect on the structure of 
the subsequently formed oxide. Satisfactory shot peening 
requires that the initial surface be relatively smocth. 


Shot peening is not capable of smoothing a very trough 


ty) 


surface and any attempt to incrsasé the rate of smoothing by 
increasing the peening intensity is likely to be ccunterpro- 
ductive. Polishing followed by glass bead shot peening 


appears tc produce the best oxide structures. 
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The formaticn of a smocth, uniform coating and cxide 
along witk the ability of the oxide to become adherently 
bonded to the coating are necessary requirements for satis- 
factcry oxide performance. The active element lanthanum was 
in the coating formulation used by Vendor "A" while scme of 
the samples received from Vendor "B" contained the active 
element hafnium. The deep etch technique revealed the fres- 
ence cf micro-pegs cn the underside of the oxide on the 
coatings containing hafnium, but there was nc indicaticn of 
Micre-peg fcrmation for the samples containing lanthanun. 
In fact, the oxide could be seen spalling off the samples 
when they were removed from the furnace after oxidation. It 
is likely that the lanthanum was prematurely oxidized during 
the ccating process and was unable <t0 participate in the 
formaticn of the oxide. 
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A. CCNCLUSIONS 


The vacuum plasma spray technique can be uséd to apply 
acceptible metallic overlay coatings to nickel based super- 
alloys. Combining this process with post-coating treatments 
of polishing and shot peening can produce smooth, unifcrm 
cxide structures when exposed men high tempsratures. 
Paeeher, an adherently bonded oxide (througn mictre-peyg 
formaticn) can be produced if the coating fcrmulation 
contains an active element, hafnium in this study. Care 
must be taken to prevent premature oxidation of an active 


element threugh lack cf control during the coating process. 


Fe. RECOMMENDATIONS 


1. Vendors 


Additional werk must be done to decrease the level 
of perosity and increase the bonding between the ccating and 
substrate. The ability to maintain a consistent quality 
throughout successive coating runs must be demonstrated. [In 


particular, care must be taken to use good quality pewders. 


—_ 
= so =_ 


2. Additional testing required 
@. FPost-Coating Treatments 


The range of treatments utilized after coating 
could be expanded tc include slurry polishing and tumbling 
in a ceramic mediun. SUBEontly, as-Soray2=d coatings are 
heat treated immediately follewing the coating process. ie 
this is net done, itis found that the coating is easily 


removed during subsequent handling. A pessible alternative 
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Meee c Orme cnOtepeening Or hot isostatic 


decrease porosity 
{Ref. 16]. 


treatment might 
and increase 


pressing. These may 


COating~substrate bonding. 


Ee. Active Element Effects 
formulations need te be 


Additionai coating 
than hafnium can 


acquired to determine if elements other 
lead to an active element effect in plasma sprayed coatings. 


GamOcidas TON ana COrloston Testing 
The testing program needs t9 be expanded to 


Gmerude Labcratory cyclic oxiadaticn and hot corrosicn 


evaluation. 
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TABLES 


TABLE I 
Coating Composition 





vendor) 10a Vendor "B" 
Substrate E735 Le IN738LC Rene 80 Rene 80 
Soeemiun 34.0 Bor 0 75, oar Wy Zee 
Aluminum &% Tea a0 abt. 30 104-30 
Tantalun &% Peres Ze.5 --- --- 
Manganese % Neco? a er --- ae 
Lanthanum % 0 1.0 --- --- 
Hafnium A =o --- --- 3.174 
Cxygen ppm clad ay 430 --- 
Nickel % Bal --- ~~ ae 
Cobalt % eS Bal Bal Bal 
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PApL eS EL 
Post-Coating Treatments 


12 Mechanical Polishing 
2 Glass Bead Shot Peening (light / heavy) 
Bee Polishing / Peeéning 
4, Peening / Polishing 
Polishing / Peening / Polishing 


PACE LTT 
Typical Surface Profiles 


mevencos "A" Vendor "B" 
(micreinch) (miczroinch) 
as sprayed a0 1600 400-800 
shet peened 150-2010 5 0-100 
polished <10 <10 
pelished/reened 50-100 40-60 
pol/reenypol < 10 <10 
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FIGURES 





mice B.1 


Fa 
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oy Grain Boundaries 


Substrate 





peraure B.2 Tllustration of EB=PVD columnar grain structure 





Se 








megure B.4 BC-21 on Re-80 shcwing good bonding 
Gz "GGacing. 68 0X 


Grain Boundaries 


Coating 


Substrate 





Figure 2.5 Illustration shcwing the overiapping grain 
structure of PS deposited material. 
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Figure B.6 Example cf plasma 


sprayed co 
a high degree of poros: 


e) 


Oxide Surface 


Oxide Layer 


Macro -pegs 


Figure B.7? TIlilustration of macro-pegs. 


ire 








Oxide Surface 


Oxide Layer 


Micro-pegs/J 


Micro-pegs XQ 





Peure £E.8 Illustration of mictro-pegs. 





Begure B.S Plasma ccating applied oe Vendor "A" showing 
complete separation of the coating from the 
Substrate. Etched, 850X 
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STi ae eee ee 





1V. 


50 microinch/d 


Deflection 





Traverse $00 microinch/div. 


Figure —.10 Typical surface profile of plasma coating 
: abpiied ty Vendor A 





Figure £.11 Example of an uneven surface and loose particles 
exhibited by a plasma sprayed CoCrAl coating. 
SEM, 1000X 
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Figure &.12 Example of an uneven surface and loose varticles 
te 55 Saeed a plasma sprayed NicrAl coating. 
EM, 





peguce £2.13 Plasta Strayed coating by Vendor "BY with low 
pees ey and good coating/substrate bonding. 
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icroinch/div. 


Deflection S50 m 


Bemgure B.15 





Small area of localized crackin 
PS coating applied by Vendor "B 


a7 


ope 
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megucre B.16 PS ccating a 
a large subs 
st 


oe Veh epee lalalnd renee fame 
theoug ie nc 


do 
The void extends 
ng thickness. 850X 





Puguce F.7/ Oxidized sample from Vendor "B" with good 
coating tc substrate adhesion. 680X 
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Figure 2.18 Polished and oxidized sample showing ox 
UnMeGeteurttung <=Nhe coating Surtiace. 0X 





Figure 2.19 Peened surface cf coating illustrating the 
Pico liven mpoehand 2O PpPLOoduce a uUnircorn 
Surface. SEM, 1100 


She. 








Figure B.20 Peened and oxidized surface of sample showing 
uneven oxide formation with large, unbonded 
Spe ages te cf oxide in the d2pressions. 
E Mig 1 20,0 X 





Mk 


Figure 8.z1 Severe cracking and separa 
atmeeLdized. COattng. 850K 


‘oO 
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meagare F.22 Fine grained structure at tne surface 
cf a peened coating. OX 





Figure —.23 A polished, veened and oxidized sample showing 
a smooth surface and a uniform oxide 
Struceure. SEM, 12Z200X 
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Figure 8.24 A polished, peened and oxidized Sample Snewind 
a Smooth surface, a uniform oxide structure 
and good cxide adherence. 850X 


> oe” 


ane. 8, 





peace P.25 Cr 


cked and rough surface of a polish 
heavily peened sample. SEM, 1000 
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Figure 





B.2o Exampre Of a su 
oxide has spall 


foot sinwven most.of 
Sie to. CSG. cL. ty 





E.27 EDAX/SEM scan for alu 
Sowers og ure 26 . 
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Deep etched CoCrAl wi 
formation Crema GrO7 Sat 
TOR tsomecOctlnd. SLM, 5 





megure B.29 


etched CoCrAl with 
formation of ee OEE 


Deep 


Tomenenwecating. SEM, 


4 








Figure B.30 Deep etched Nicral 
iieme-peg fLomlatloOn. 





BPeaguce 2.51 Deep etched CoCraAl with La 
iiGmec=Dedq to=nation. SEM, 
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which shows no 


85 deg. tilt, 


5000 X 








10. 


LIST OF REFERENCES 


Haukinc, srs £.,"Lh 2500 Operating Experience on GTS 
Callahan", Proceedings of the 4th conterence on Gas 
Turkine Materials “in a Marine Enviroment, Ep. OT, 
Anhapclis, Maryland, June TY97S. 

S 


Sac ce Ls, ana 
Epsz0, Wiley, tS 


H 
72. 


Shepard, S. 8., "“Navsea Marine Gas Turbine Materials 
Develcpment Pregram", Naval Engineers Journal, pp. 65, 
August 1981. 


Hawkins, PB. F. 
CAPE ARAN ,  ELec 
Murbine Material 
Anhhapclis, Waryl 


7 eee 0 Oe OD 
eedings of 
S209 a Marine Enviroment 
and, June T9793. 





Heawk2nse, © P. ee 
Callahan. fe cceecs nh 
TibPeine Macers al in 4a Mar 
lapciis, s 


> 
=r) 
=] 


Poyeeena nogus, Be J., “Evaluation or the 
i "Perrormance of Gas Turbine Hot 
Neer e GIV Asta Freaghrer", Pre 


+H 
Hy f4-p) = 
OS + 


th Conference on Gas Turbines Mate 
EU eS SUE Ee DOs eect, “enemapO les, =. 4 





ie Crore 
Him © mM ct 
Is 
4 


Chest +O © As 
G 

a | 

mls 


Selene 


Sece oe oe ye ESS LOL mance Crum 
#. CeOacangs oe Ege S Cailahan 
of the 4th Conference on Gas 


= 4 SE SE: goa Se ee 


aL 

= Ss 

ceed dae ne eo av En Omen =, OD. 69= 100° F 
a J oo 


f4i4ON NIG 
cio mM Ulki 
SHH Op. 
Mr <a Cin 
| | odd So de 
ADA ws 


oi be 
«volo 


Wiemscia=, Ys Ps, and HBochne, Ds. H., 
Coatings and substrates at. Elevated 

ALSr presented at the Second Conteren 
HWatexrials for, Alternative Fuel Capable 
beucerey,  Catifcrnia, August 1981. 


Technolodqies Corpora 
oe ESOC Repore No. : 
sprayed MCrAL Coatings 
al BS, 63 Ee wise Penn 








11. 


12. 


Woe 


14, 


IBe 


NGis 


United Technolcgies Cor ena e On Pract and UA Bos) 
Aircraft Group, eport No. NASA GRMN 2o4, lavaiorsd 
Flasm2 Sprayed MCraAl Coatings for Aircraft Gas Turbins 
ERRet ese eae e Even eeeronnescreana Ds Ke  GUPtS, Ep. 
WI3=T1G, January 1981. 

(heel Deroy andsboonc;mgmp-. H., “Alumina Scale 
Adkerence to CcCrAl Alloys and Coatings", Proceedings 
of the Conference on Surtace and Intertace Coatings in 
Ceramics ahd Céramic Materials, pp. 37-502, Berkeley, 
Cal@tomia, July (962. 

American Societ for Metais, Metais Handbook, Slaps 
Cota Vel. Pecos lode ANeteecan Society for Metals, 
Shaffer, S$. J., Boone, D. H., Lambertson, R. T., and 
Peacock, Dies fas The Effect of Devosition and 
Processing Variables On ths Oxide Structure of MCrAL 
COa==ngs 7 paper présented at the International 
Caniercncemeon —Metatiurgical Coatings, San Diego, 
Calarermiera, April 1993. 

Peacock, De a Adj. Prefessor, Department of 


Mechanical Engineering, Naval Pos<graduate2 Schocl, 
Mcenterey, Ca., interview. 


United Technolcgies Corporation, Pratt and eee 
avnGisd ie Soe Ss Nope onA SOR= 165234, Taylors 

Plasma Sprayed MNCrAl Coatings for Aircraft Gas Turdins 
oo on a er SMa deDs oh. GUbTS fe Dos 
T6, January 1981. 


47 





INITIAL DISTRIBUTION LIST 


Cefense Technical Information Center 2 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0142 2 

Naval Postgraduate School 

Monterey, alifcrnia 93940 

Department Chairman, Code 6 

Cepartment of Mechanical En 
fe) 


Naval Pcestgraduate School 
Monterey, alifcrnia 93940 


ce 
gineering 


AG VUNeC TES se resse: 0. H. Boone, Code 69Bi 8) 
Cepartment of Mechanical Engineering 

Naval Postgraduate School 

Monterey, alifcrnia 93940 


bievaerick &. 'Nerton, USN 3 
50 Warren Ave. 
Woburn, Massachusetts 01801 


Mr. Sam Shepard, Code 5231 Zz 
Naval Sea Systems Command 
Weacnington, DE 20362 


ME LCues LF. Lofy aval Code 2812 2 
Tavid W. Tay ea aval Research and 

Develo i eae 

Annapolis, Maryland 21402 


48 




















oe 


Thesis 
N9435 


207564 


Norton 
The structure and 
behavior of vacuum 
plasma sprayed over- 
lay coatings on nickel 
based superalloys. 





